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Introduction
With recent advances in nanotechnology, nanoparticles (NPs) based electrochemical detection of hazardous compounds has drawn a considerable attention from scientists as the unique prop erties of NPs result into a very high sensitivity. In this regard, many achievements have been made in the field of amperometric and voltammetric electrochemical sensors [ 1 -3 ] . Among various electrochemical sensors, the hydrazine sensors have gained consid erable attention because of its large applicability and high toxicity. Hydrazine possesses many practical applications in various fields, to name a few, pharmaceutical intermediates, photographic chemi cals, corrosion protection treatments for boilers, rocket propellants, pesticides, fuel cells, etc. [4] . In spite of its numerous advantages, hydrazine is neurotoxin in nature and has been classified as human carcinogen by Environmental Protection Agency (EPA). The toxic nature of hydrazine limits its applications; hence there is a real need of highly sensitive, simple and economic methods for determina tion of hydrazine. Various methods for the detection of hydrazine have been reported in the literature which includes chemilumines cence [5] , spectrophotometry [6] , coulometric titration [7] , and so on. However, the electrochemical sensing methods possess a spe cial place and are of particular interest due to their simplicity and low-cost fabrication process. Among various II-VI semiconductor nanostructured materials, zinc sulphide (ZnS) possesses a special place due to its useful prop erties and wide applications [1] . The properties of ZnS include its wide band gap (3.7 eV) at room-temperature, relatively large exciton binding energy (~40 meV), high index of refraction and a high transmittance in the visible range and so on [1, [8] [9] [10] [11] . Due to many useful properties, ZnS NPs are widely used in electroluminescence, non-linear optical devices, light emitting diodes, applications in flat-panel displays, electroluminescence devices, photonic crystal devices, lasers, photocatalysis, etc. [1, [12] [13] [14] . Even though ZnS NPs possess various excellent properties and used in variety of highefficient technological applications but yet have not been used for electrochemical sensor applications.
In this article, a facile and very rapid method has been intro duced for the synthesis of monodisperse polyethylene glycol (PEG-2000) coated ZnS (P-ZnS) NPs. It is known that due to the high surface area, the nanoparticles surface has to be functionalized with suitable ligands to make them stable. These ligands prevent aggregation and precipitation of nanoparticles. In this regard, the biocompatible polymers like PEG offer a good choice of ligands to stabilize nanoparticles. The prepared P-ZnS NPs have been charac terized in detail in terms of their structural and optical properties and efficiently utilized as effective electron mediators for the fabri cation of highly sensitive hydrazine chemical sensor. The fabricated hydrazine sensor based on P-ZnS NPs exhibits a good electrocatalytic activity towards electrochemical oxidation of hydrazine. A very high sensitivity and low detection limit have been achieved from the fabricated hydrazine sensor. To the best of our knowledge, this is the first report in which P-ZnS NPs modified Au electrode has been used for the fabrication of amperometric hydrazine sensor.
Materials and methods
Materials
PEG-2000 was purchased from Fluka Chemika. Zinc acetate (Zn(CH3C00)2-2H20) (ZOAc) and thioacetamide (CH3CSNH2) (TA) were obtained from CDH, India. All the chemicals were used as received without further purification. Deionized water (DW) was used for all the experiments.
Synthesis and characterization of PEG-coated ZnS nanoparticles
P-ZnS NPs were synthesized by facile microwave process by using ZOAc, TA and PEG-2000. In a typical reaction process, 10 mM of PEG was dissolved in 10 ml DW. Consequently, 0.005 M ZOAc solution made in 10 ml DW and 0.005 M TA solution prepared in 10 ml DW were added in the prepared PEG solution. The final solution was then placed in a domestic microwave (MW; IFB-20PG2S) oven at optimized reaction conditions, i.e. 60% power for 20 s. The optimized provided power supply was 230 V/50 Hz, con sumption was 1200W, output power was 800W and operation frequency was 2450 MHz. After completing the reaction, the solu tion was cooled at room-temperature and the obtained ZnS NPs were characterized in detail in terms of their morphological, struc tural and optical properties. The NPs were also used as efficient electron mediators to fabricate hydrazine amperometric chemical sensor.
The morphological investigation of as-synthesized NPs was done by transmission electron microscopy (TEM) at 80 kV (Hitachi H-7500) while the structural characterization was done by X-ray diffractometer (XRD; PANalytical X'Pert PRO) measured with CuKa radiations (% = 1.54178 A) in the range of 10-70 with scan speed of 8 /min. To check the particle size distribution, particle size anal ysis (PSA) was performed using Malvern Zetasizer nanoseries. To examine the optical properties of P-ZnS NPs, room-temperature UV-Vis spectrum (Thermo Fisher Scientific Evolution 160 UV-Vis spectrophotometer) was recorded.
Fabrication of hydrazine chemical sensor based on PEG-coated ZnS nanoparticles
To fabricate the hydrazine chemical sensor, the P-ZnS NPs were coated on the surface of gold electrode (Au; surface area = 3.14 mm2) which acts as a working electrode to evaluate the sensor performance. Prior to use, the Au electrode was polished with alumina slurry, sonicated in distilled water and dried at roomtemperature. Slurry of P-ZnS NPs was made by using butyl carbitol acetate (BCA) and coated on the surface of Au electrode to modify it. The modified Au electrode was then dried at 60 ± 5 °C for 4-6 h to get a uniform and dry layer over entire electrode surface.
All electrochemical experiments have been performed at roomtemperature with a ixAutolab Type-III cyclic voltammeter using three-electrode configuration. For all the electrochemical measure ments, P-ZnS NPs modified Au electrode was used as working electrode, a Pt wire as a counter electrode and an Ag/AgCl (sat. KC1) as a reference electrode. For all the measurements, 0.1 M phosphate buffer solution (PBS; pH 7.0) was used.
Results and discussion
Morphological, structural and optical properties of PEG-coated ZnS nanoparticles
The general morphologies of P-ZnS products have been char acterized by transmission electron microscopy (TEM) and results are presented in Fig. 1 . For TEM measurement, a drop of aque ous solution of NPs was placed on a copper grid and examined. Fig. 1(a) exhibits the typical low-resolution TEM image which con firms the general morphology of NPs. It is clear from the micrograph that the as-synthesized NPs are monodispersed with spherical in shape. Most of the nanoparticles possess almost similar diame ter, however, few less diameter nanoparticles are also seen in the micrograph. The typical diameters of the nanoparticles are in the range of 11 ±3nm. Fig. 1 (b) exhibits the typical high-resolution TEM images of NPs. It is clear from the micrograph that a very thin layer of PEG is uniformly coated on the surface of the synthesized nanoparticles (inset 1 (b) ).
To examine the crystallinity and crystal phases of assynthesized P-ZnS NPs, X-ray diffraction has been done and the results are presented in Fig. 2(a) . Three well defined diffraction peaks have been observed in the obtained XRD pattern. The diffraction peaks appeared at 2^ = 29 , 48.4 and 57.4 which cor respond to (111), (2 2 0), and (3 11) lattice plane, respectively. This confirms the cubic zinc blende structure of prepared PZnS NPs. In the obtained pattern, no characteristic peak related with any impurity has been observed, within the resolution limit of the XED diffractometer which shows the pure phase forma tion of prepared ZnS NPs. In addition to this, the broadening in the diffraction peaks depicts that the synthesized product is in nanoscale. The particle size distribution of as-synthesized PZnS NPs has been characterized by particle size analyzer (PSA). Fig. 2 (b) shows the typical particle size distribution graph which reveals that the average diameter of synthesized P-ZnS NPs is ~7 nm. The polydispersity index (PDI) of synthesized nanoparticles is found to be 0.19 that confirms the monodispersity of synthesized NPs.
To examine the optical properties of synthesized P-ZnS NPs, UV-Vis spectrum was recorded at room-temperature. For UV-Vis measurements, the synthesized products were ultrasonically dis persed in water and 1 ml of this solution was used for analysis. PEG was taken as a reference. Fig. 3 depicts typical UV-Vis spectrum of synthesized P-ZnS NPs that shows a well-defined absorption peak at 293 nm. It is well known that the relationship between absorp tion coefficient and the incident photon energy of semiconductors can be obtained by using Tauc's formula (Eq. (1)). where a is the absorption coefficient, A is constant, and n is equal to V2 for a direct transition semiconductor and 2 for indirect transition semiconductor. Therefore, by considering the Tauc's equation, the optical band gap (£g) can be experimentally obtained from absorp tion coefficient. The calculated optical band gap for the synthesized P-ZnS NPs is 4.23 eV, which is considerably higher and blue shifted from the bulk zinc blende ZnS with optical band gap of 3.65 eV. This phenomenon may be due to the quantum size effect of the synthesized structures with the appearance of blue shift. The growth of P-ZnS NPs can be well understood based on the chemical reactions involved in the synthesis process. During the reaction, ZOAc dissociates into zinc ions (Zn2+) and acetate (Ac ) ions. Similarly, the fast heating in microwave process in the pres ence of PEG accelerates the decomposition of thioacetamide to provide S2-ions. This phenomenon can be understood through a simple chemical reaction mentioned below: MW ch3csnh2 + h2o^-;ch3Conh2 + h2s
H2S -> 2Hf -(-S
The nucleation of ZnS occurs due to the reaction between Zn2+ and S2-ions according to the chemical reaction mentioned below:
The initially formed ZnS nuclei act as building blocks for the formation of final product. With time under proper reaction con ditions, the concentration of ZnS nuclei increases which leads the formation of final products.
During the reaction, PEG gets adsorbed on the surface of ZnS NPs with their hydrophilic -OH groups spread out into water. Fig. 4 illustrates a typical stabilization structure of ZnS NPs by PEG in aqueous solution. Therefore, as a final product, P-ZnS NPs were obtained under the reaction conditions employed.
Electrochemical hydrazine chemical sensor performance of P-ZnS NPs modified gold electrodes
For the fabrication of hydrazine chemical sensor, the syn thesized P-ZnS NPs were used as supporting mediator for the modification of Au electrode The modified electrode was used as a working electrode to determine the electrochemical activity towards hydrazine oxidation using cyclic voltammetry. The cyclic voltammograms (CV) of the hydrazine using P-ZnS NPs modified gold (P-ZnS/Au) electrode in a 0.1 M phosphate buffer solution (PBS) (pH 7.0) with 1 mM hydrazine (solid line) and without hydrazine (dotted line), at a scan rate of 50 mV s-1, are shown in Fig. 5 .
It is apparent from the obtained CV graph that in the absence of hydrazine, the P-ZnS NPs modified Au electrode does not show any redox peak in the potential range of -0.1 to 0.8 V. However, on the other hand, when used in the presence of hydrazine at the same experimental conditions and setup, a significant enhance ment in anodic peak at potential +0.21 V and current 6.9 |jlA have been observed. The electrochemical response of hydrazine is irre versible as no cathodic current is observed in the reverse sweep. These observations conclude that the synthesized P-ZnS NPs are effective mediator for efficient detection of hydrazine.
To check the effect of scan rates, the cyclic voltammograms of P-ZnS NPs modified Au electrode was examined at various scan rates, from 50mVs-1 to 800 mV s-1, in 0.1 M PBS buffer solution (pH 7.0), containing 1 mM hydrazine. Fig. 6(a) shows typical CV responses of P-ZnS NPs modified Au electrode at various scan rates. It is clear that with increasing the scan rates, the peak current is also increasing. Interestingly, at different scan rates, slight shifts in the anodic peak potentials were also observed in the range of +0.21 to +0.32 V. Fig. 6 (b) depicts a plot for the anodic (/a) peak currents versus the square root of the scan rates (v1^2). The anodic peak current exhibits a linear dependence with square root of scan rates. The number of electrons involved in overall reaction (n) can be calculated from Randles-Sevcik equation (Eq. where n is the number of electron equivalent exchanged during the redox process, A (cm2) is the active area of the working electrode, D (cm2 s-1) and C(mol cm '3) are the diffusion coefficient and the bulk concentration of hydrazine and v is the voltage scan rate (Vs-1). The total number of electrons involved in oxidation is estimated to be 2. Thus the mechanism for oxidation of hydrazine at ZnS/Au electrode can be proposed as [15] . N2H4 + 5/20H--> l/2N-3 + l/2NH3+5/2H20 + 2e-To investigate, in detail, the sensor performance of P-ZnS NPs modified Au electrode, amperometry experiments have been car ried out under stirred conditions. The results are demonstrated in Fig. 7 . The stirring condition could enhance the current sensitivity in the amperometric experiments. Fig. 7(a) gives the typical amperometric response of the P-ZnS NPs modified electrode on a successive addition of hydrazine from 0.1 jjlM to 1 |jiM at constant potential in 0.1 M PBS solution at pH 7.0. Interestingly, it is observed that after each addition of hydrazine, a rapid increase in current was observed in amperometric measurements. The modified electrode exhibits fast electron exchange behavior as the response time to achieve 95% of the steady-state current was within 3 s. A relationship between the response current and hydrazine concentration for the fabri cated sensor is demonstrated in the inset of Fig. 7(a) . It exhibits that with increasing the hydrazine concentrations, the response current also increases linearly. The calculated correlation coefficient (R) is estimated to be R = 0.9906. Fig. 7(b) shows the calibration curve of Table 1 Comparison of analytical performances of various electrode-based hydrazine sensors. [22] , Carbon nanotube wired ZnO nanoflowers [23] , Ru-complex films [24] etc. In addition, the calculated detec tion limit estimated based on signal to noise ratio (S/N), is found to be 1.07 jxM. To the best of our knowledge, this is the first report in which P-ZnS NPs were used to modify Au electrode for the fabrica tion of highly sensitive hydrazine sensor. To exhibit the superiority of the prepared P-ZnS NPs based hydrazine sensor, a comparison of the characteristic and performances of the fabricated sensor with 3.75
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already reported hydrazine sensors has been made based on the uti lization of different materials as the working electrode (Table 1) . By comparing the performances and characteristics, it is clear that the fabricated P-ZnS NPs based hydrazine sensor exhibits an excellent performance.
Conclusions
In summary, a very facile and rapid synthesis method has been developed to produce monodispersed PEG-coated ZnS nanopar ticles (P-ZnS NPs). The synthesized P-ZnS NPs exhibits good structural and optical properties. From application point of view, the synthesized nanoparticles have been used as efficient elec tron mediators for the fabrication of highly sensitive hydrazine chemical sensor. The obtained sensitivity and detection limit for the fabricated hydrazine chemical sensor have been found to be ~89.3 jxAcm 2 |xM and 1.07 |xM, respectively. To the best of our knowledge, this is the first report in which a very high sensitiv ity and low-detection limit have been observed for the hydrazine sensor fabricated based on P-ZnS NPs. By this work, it could be concluded that P-ZnS NPs can be used for the fabrication of
. Introduction
The environmental pollution has become one of the solemn oncerns for the scientific community as various undesired prodcts released are contaminating the environment and hence exhibit dverse effect to the human beings, animals and nature. Recently, he detection of cyanide ions has received a considerable attenion as it is one of the rapidly acting lethal poisons due to its igh toxicity in the physiological systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Cyanide increases nvironmental pollution because of its widespread uses in electrolating, plastics manufacturing, gold and silver extraction, tanning, nd metallurgical industries, etc. Importantly, cyanide rigorously uppresses the transport of oxygen as it binds with cytochrome c xidase and effects electron transfer from cytochrome c oxidase o oxygen in mitochondria [1] . The uptake of high concentrations f cyanide leads to coma and cardiac arrest, with death following n a matter of minutes. Therefore, many efforts have been made o develop systems which can sense very low concentrations of yanide and are safe for living beings. In this regard, various analytial methods such as chromatographic [2, 3] , fluorimetric [4] [5] [6] , flow njection [7, 8] , electrochemical [9, 10] , and luminescent analyses 11 -13] have been developed for the effective detection of cyanide, ncluding these all techniques, recently, scientists are exploring other easy, reliable and reproducible techniques for the fabri cation of efficient sensors. Among several important techniques, the electrochemical amperometric detection techniques provide an easy, reliable, reproducible and robust method for the detec tion of various chemicals and ions.This paper reports, for the first time, the fabrication of a reproducible, reliable and highly sen sitive and selective amperometric cyanide ion sensor based on polyethylene glycol (PEG) coated ZnS nanoparticles (P-ZnS NPs). The fabricated sensor exhibits a very high and reproducible sen sitivity and very low detection limit. The obtained detection limit (0.177 x 10-6 mol L-1) for the fabricated sensor is ~16 times lower than maximum value of cyanide (2.7 x 10-6 mol L-1) permitted by the World Health Organization (WHO) in drinking water. Therefore, the proposed sensor shows a great promise for the ultrasensitive, selective rapid and cost-effective analysis of cyanide ion in aqueous solutions.
Experimental details
PEG-2000 and sodium cyanide (NaCN) were purchased from Fluka Chemika. Zinc acetate (Zn(CH3C00)2-2H20; ZOAc) and thioacetamide (CH3CSNH2; TA) were obtained from CDH, India. All the chemicals were used as received without further purification. Deionized water (DW) was used for all the experiments.
The P-ZnS NPs were synthesized as described in our previous work [14] . The morphological investigation of as-synthesized NPs was done by transmission electron microscopy (TEM) at 80 kV (Hitachi H-7500). For the fabrication of cyanide ion amperometric electrochemical sensor, the as-synthesized P-ZnS NPs were coated onto the gold (GE) electrode (surface area = 3.14 mm2). Prior to the coating, the electrode surface was polished with alumina slurry and then ultrasonically washed in water and ethanol sequentially and dried under nitrogen flow at room temperature. Slurry of P-ZnS NPs was made by adding specific amount of butyl carbitol acetate (BCA). A certain amount of slurry was finally casted on the GE and dried at 60 ± 5 °C for 4-6 h to get a uniform and dry layer over active elec trode surface. Due to safety reasons, all solutions containing the cyanide anions were made in phosphate buffer solution (PBS) of pH = 10. All electrochemical experiments were performed with a imAutolab Type-111 cyclic voltammeter using three-electrode cell in which the P-ZnS NPs modified GE (P-ZnS/GE) was used as working electrode, a Pt wire as counter electrode and an Ag/AgCl/KCl (satu rated) electrode as a reference electrode. All the experiments were performed at room-temperature.
Results and discussion
The general morphologies of synthesized P-ZnS NPs were exam ined by transmission electron microscopy and result is shown in Fig. 1 . The observed TEM micrograph exhibits that the synthesized NPs are grown in high density and possessing uniform spherical shapes. The sizes of the NPs are almost similar, i.e. 13 ±3 nm. The detailed structural and optical properties of utilized P-ZnS NPs are mentioned elsewhere [14] .
To evaluate the cyanide sensor performance based on P-ZnS NPs, the NPs modified gold electrode was used for all the cyclic voltammetric (CV) and amperometric experiments. Fig. 2(a) exhibits the CV electrochemical responses of P-ZnS/GE electrode towards cyanide oxidation. The cyclic voltammograms of the cyanide using P-ZnS/GE electrode in a 0.1 M phosphate buffer solution (PBS) (pH = 10.0) with (1 mM; solid line) and without (dotted line) NaC solution is presented.
As can be seen from the obtained CV graphs that no redo peak has been observed in the absence of cyanide solution; how ever, when used a small amount of cyanide solution (ImM) under same experimental conditions and setup, a significant an enhanced anodic peak at -0.08 V and current 0.876 p,A have bee observed. The electrochemical response of cyanide is irreversibl as no cathodic current is observed in the reverse sweep. Therefore one can conclude that the modified P-ZnS/GE electrode can be use as an efficient and sensitive sensor for detection of cyanide ion i aqueous solution. To get more information regarding the catalytic reactions nvolved in the sensing process, the modified P-ZnS/GE electrode as examined at various scan rates (50, 60, 70, 80, 90, 100, 200 , 00, 400 and 500mVs-1), in 0.1 M PBS buffer solution (pH = 10.0), ontaining 1 mM NaCN solution. Fig. 2(b) exhibits the CV responses f the modified P-ZnS/GE electrode at various scan rates. It is clear rom the observed CV graph that with increasing scan rates, the urrent also increases and apparently slight shifts in the anodic eak potential have been observed. Fig. 2 (c) shows a linear relaionship between the anodic peak current and square root of the can rates (v1/2). This is in accordance with Randles Sevick equaion (1) which infers that the reaction involved is a mass transfer ontrolled [15] [16] [17] .
Current (nA)
here n is the number of electrons exchanged during the redox rocess, A (cm2) is the active area of the working electrode, D cm2s-1) and C (molcm-3) are the diffusion coefficient and the ulk concentration of NaCN and v is the voltage scan rate (V s_1). A linear relationship is also obtained between anodic peak curent and log of scan rate (log v) with regression coefficient of 0.9929 hich also confirms that the oxidation of cyanide is irreversible Fig. 2(d) ). Therefore, no cathodic current has been obtained in the everse sweep. Moreover, the number of electrons involved in over-11 reaction (n) can be calculated from modified equation (2) for a otally irreversible reaction [15] .
The value of ana can be calculated from Eq. (3)
where Ep is peak potential and Ep/2 represents half-peak potential (potential at which current is half of the peak current). The esti mated total number of electrons involved in oxidation process was found to be 2. Accordingly, the mechanism for the oxidation process of cyanide at ZnS/GE electrode can be proposed as:
CN" + 20H--+ CNCT + H20 + 2e (4) To evaluate, in detail, the sensor performance of the fabricated ZnS/GE electrode, amperometric experiments have also been car ried out. As the amperometry has a much higher current sensitivity than the cyclic voltammetry, hence the amperometric experiments have been performed under stirring. Fig. 3(a) exhibits the pictorial representation of amperometric detection of cyanide by using PZnS/GE electrode. The detection of cyanide ion follows the chemical reaction mentioned in Eq. (4) and finally an amperometric response was observed. Fig. 3(b) shows amperometric response of P-ZnS/GE electrode on subsequent addition of NaCN solution (100-900 nM) at a constant potential in 0.1 M PBS solution at pH = 10.0. It is appar ent that after each addition of NaCN solution, a rapid increase in the current was observed within a response time of <2s in amperometric measurements. Fig. 3(c) depicts the relationship between response current vs. NaCN concentration at constant applied potential. The obtained graph exhibits that with increas ing the concentrations of NaCN solution, the response current also increases linearly with regression coefficient value R2 = 0.99216. The fabricated sensor shows the sensitivity, calculated from slope of calibration curve/area of electrode, as 79.7 jjiAcm-2 nM_1. The detection limit, estimated as 3 x N/ slope of calibration curve, where N is noise (or standard deviation in the peak current for five repli cate measurements), has been found to be 0.177 x 10-6molL-1 for the fabricated sensor [18] the fabricated cyanide ion sensor is ~16 times lower than maxi mum value of cyanide (2.7 x 10"6 mol L"1) permitted by the World Health Organization (WHO) in drinking water. In addition to this, the observed detection limit of the fabricated cyanide sensor was less than previously reported cyanide sensors fabricated based on MCPE electrode (19] , nation coated GE electrode [10] , cytochrome c modified gold electrode [20] , and so on. A brief comparison of various parameters of the fabricated P-ZnS/GE based cyanide sen sor with the previously reported cyanide sensors has been given in Table 1 . From comparison, one can conclude that the fabricated cyanide sensor exhibits the highest sensitivity and lowest detection limit and hence exhibits excellent sensing performance. Impor tantly, to the best of our knowledge, this is the first report in which P-ZnS NPs are used as an efficient electron mediator for the fabrication of highly sensitive cyanide ion with very low-detection limit.
In order to apply the proposed sensor for the determination of cyanide ion in real samples, specificity of sensor for cyanide ion has been investigated. The amperometric responses of some com mon interfering ions (Cl", Br", NO3", SO42" and CO32) have been recorded. Fig. 4 exhibits the amperometric response of P-ZnS/GE electrode in the presence of various interfering ions (Cl", Br", NO3 ~, SO42" and C032"). It is clear from Fig. 4 that addition of other ions cause negligible changes to response current in amperometry. However, a significant and immediate increase in the response current was observed in the amperometric measurements when 1.4 cyanide ions were added in the solution. This phenomenon reflect the high selectivity of the fabricated sensor towards cyanide ion hence confirming the high-selectivity of the proposed sensor. Further, the proposed method has been applied to determin cyanide in industrial water containing cyanide ions. The com parison of results with procedure developed by Noroozifar an co-workers [21] has been given in Table 2 . The results were com pared by the applying paired f-test in statistics. The calculated valu of t according to equation t = dy/n/sd (where d and sd are mean an standard deviation of difference in paired values) is 1.12, which i less than the critical value of r=3.18 for n -1 degrees of freedo (P=0.05) [22] . Therefore, the null hypothesis of no difference is no rejected. Thus, there is a good agreement between the propose method and other standard method.
To check the stability of the fabricated sensor, repetitive mea surements were done once a day for 3 weeks. From the severa 
xperiments, it was observed that there was no significant change n current response for approximately 3 weeks, however, the curent response was decreased gradually after that. The obtained esults indicate the excellent stability and reliability of the PnS modified sensor for the detection of cyanide ion in aqueous olution. Moreover, the obtained results confirmed that P-ZnO anoparticles are efficient electron mediator candidate for the fabication of effective cyanide ion sensors in aqueous solution.
. Conclusions
In summary, for the first time, a reproducible, highly senitive and selective cyanide ion electrochemical sensor has een fabricated based on P-ZnS NPs. The P-ZnS NPs on E electrode allow oxidation of cyanide ion and makes its etection possible. The proposed sensor demonstrates a high ensitivity of -79.7 |mAcm 2 nM-1, very low detection limit of .177 x 10~6molL 1 with a fast response of <2s and exhibits a emarkable stability and good reproducibility. Moreover, the develped sensor has high specificity for cyanide ion even in the presence f other ions. The system has been employed to find out the conentration of cyanide ion in industrial sample, which matches ith results obtained from standard method. Hence this sensor s a promising candidate for detecting minute concentrations of yanide with high sensitivity and specificity. II-VI semiconductor nanoparticles are of great interest for their iverse applications such as such as biological sensors, solar cells, eld-effect transistors, hydrogen evolution, electricity generation nd light-emitting diodes [1] [2] [3] [4] [5] . Cadmium sulphide (CdS) is an mportant II-VI semiconductor with a direct band gap of 2.4 eV nd has wide range of electrical and optical properties. Numerus reports (6) (7) (8) are available in the literature for the synthesis f CdS NPs. In the present study, PEG-coated CdS (P-CdS) NPs of ean diameter of 15 nm and hexagonal crystallites have been synhesized using microwave irradiation method and characterized y various techniques such as transmission electron microscopy TEM), X-ray diffraction (XRD), UV-vis spectroscopy and photoluinescence (PL) spectroscopy. An attempt has also been made to abricate sensitive as well as more selective electrochemical senor for hydrazine using P-CdS NPs. Hydrazine has been employed n both chemical and pharmaceutical industries, as rocket fuel, mulsifiers, catalysts, weapons for mass destruction, corrosion inhibitors, insecticides, plant growth regulators, etc. [9] . How ever, it can intimidate people's health from inhalation of vapours, injection, or skin contact. It has been classified as human carcino gen by Environmental Protection Agency (EPA). The neurotoxin and carcinogenic nature of hydrazine as well as its high solu bility in water raises concern for ground water contamination and generates interest among researchers for developing simple, economic and sensitive methods for its detection. The reported methods for detection of hydrazine include chemiluminescence, spectrophotometry, coulometric titration, flow injection analysis, spectroscopic methods, electrochemical detection [10] [11] [12] . The main problem with electrochemical detection of hydrazine at bare electrode is its large oxidation overpotential. However, the use of chemically modified electrodes has solved this problem to a large extent. The use of NPs for modifying electrode has gained a lot inter est these days. Although metals such as Pd, Au and Ag are very active in the anodic oxidation of hydrazine [13] [14] [15] , however, they are too expensive for the practical applications. In this context, less expen sive semiconductor NPs are expected to provide a better solution. However, most of the reported [13] [14] [15] [16] sensors for hydrazine either deal with high values of detection limit, lack of specificity and low sensitivities or the sensors have not been examined for analysis of real world samples. All these disadvantages prompt the need of a simple, accurate, cost-effective, less time consuming, highly sensi tive method which can detect very low concentrations of hydrazine and also should be practically applicable to real world samples. Recently, we have reported [16] the use of ZnS NPs for detection of hydrazine with a sensitivity of ~89.3 [iA/cm2 ijlIVI and detection limit up to 1.07 p,M. In comparison, the fabricated sensor based on modification of gold electrode with P-CdS NPs shows a sensitivity of 89 fiA/cm2 fiM and detection limit of 0.061 |xM. Although the sen sitivity obtained is nearly same as in case of ZnS NPs, but detection limit achieved is lower in the present case.
Materials and methods
Materials
Cadmium acetate (Cd(CH3C00)2-2H20; CdOAc) was purchased from BDH, India. Thioacetamide (CH3CSNH2) (TA) was obtained from CDH, India. Hydrazine monohydrate and PEG-2000 were received from Sigma-Aldrich. All the chemicals were used as received without further purification. Deionized water (DW) was used for all the experiments.
Synthesis of P-CdS NPs
P-CdS NPs were prepared by a facile microwave process by using cadmium acetate (CdOAc), thioacetamide (TA; CH3CSNH2) and PEG-2000. In a typical reaction process, 10 mM of PEG was dis solved in 10 ml DW. Consequently, 0.005 M CdOAc solution made in 10 ml DW and 0.005 M TA solution prepared in 10 ml DW were added in the prepared PEG solution. The final solution was then placed in a domestic microwave (MW; IFB-20PG2S of consump tion power 1200 W) oven at optimized reaction conditions, i.e. 60° power for 20 s. After completing the reaction, the MW was cooled t room-temperature and obtained products were examined by var ious analytical tools. Moreover, the prepared CdS products wer used as efficient electron mediators to fabricate hydrazine amper ometric chemical sensor.
Characterizations of P-CdS NPs
The structural analysis of synthesized NPs was done by X-ra diffractometer (XRD; PANalytical X'Pert PRO) measured wit Cu-Ka radiations (A = 1.54178A) in the range of 10-70 .The siz and morphologies were investigated by transmission electro microscopy (TEM) at 80 kV (Hitachi H-7500). The UV-vis spectru ; was recorded at room temperature using thermo Fisher Scientifi Evolution 160 UV-vis spectrophotometer. Photoluminescence (PL spectrum was recorded using a Perkin Elmer-L55 fiuorescenc spectrophotometer.
Preparation of hydrazine electrochemical sensor based on P-CdS NPs
The electrochemical experiments were conducted usin IJiAutolab III cyclic voltammeter and a three electrode configu ration. The electrocatalytic activity of CdS/Au electrode toward . Results and discussion .
Morphology and optical properties of P-CdS NPs
Transmission electron microscopy images have revealed that he as-synthesized NPs are spherical in shape (Fig. la) . The diame er of NPs is found to be ~15 nm. The TEM image has also confirmed hat the NPs are almost of same size. The optical properties have been investigated using UV-vis and PL spectroscopy. Fig. 1 b shows the UV-vis spectra of CdS NPs. A shoulder has been observed at approximately 490 nm which is blue shifted from bulk CdS (515 nm). Fig. 1 c shows PL spectra of as prepared CdS NPs with exci tation wavelength at 400 nm. The peak around 535 nm (referred as green emission) and a minor emission shoulder around 575 nm (referred as yellow emission) have been observed. Further a peak around 480 nm has also been observed. This peak shows near bandedge emission while other peaks, which are at higher wavelength than the absorption edge, indicate that the emission involving donor, acceptor and trap states [17] . To analyze the size and phase structure of CdS NPs, XRD has been performed. It is obvious that XRD pattern of this sample can be indexed to a hexagonal phase [18] . The average crystallite size from XRD has been estimated to be 12.5 nm. [19] , C@ZnO nanorods [20] , high-aspect ratio ZnO nanowires [21] , carbon nanotubes powder [ fsome common interferents of hydrazine, such as ammonia (NH3), ydroxylamine (NH2OH), nitrate ion (N03~) and nitrite ion (N02~) ave been monitored at potential 0.43 V (Fig. 5 ). The response urrent shows comparatively negligible changes on addition of ons/compounds other than hydrazine. On addition of hydrazine, he response current shows significant increase, thus the proposed ethod has high selectivity for hydrazine.
Electrochemical hydrazine sensor based on CdS/Au electrode
.
Application in real samples
Further, the fabricated sensor has been used to analyze spiked eal samples. Fig. 6 shows that negligible current is obtained in articular range with real samples like tap water, distilled water nd river water (collected from Ghagar river, Chandigarh, India), owever, significant anodic peak current is obtained on addition f 1 mM hydrazine. Thus the fabricated sensor can be applied to eal world samples.
We prepared three samples of hydrazine with different concenrations of 6.5 |jiM, 55.5 |jiM and 0.05 mM. The proposed method as been applied to determine concentration of hydrazine in these amples. The detected concentrations were 6.12 p,M, 54.89 |jiM and .047 mM respectively, which are in good agreement with known values. Therefore, the proposed sensor can be applicable to deter mine very low concentrations of hydrazine accurately.
Conclusions
In summary, P-CdS NPs have been synthesized by microwave irradiation method and have been found to be of spherical shape and size ~15 nm. The synthesized nanoparticles have been employed as an electrochemical sensor for detection of hydrazine. The sensitivity and detection limit for the fabricated hydrazine chemical sensor have been found to be ~89 p,A/cm2 |JiM and 0.061 |jlM, respectively. The fabricated sensor has been employed for real world samples. Thus, P-CdS NPs can be used for the detec tion of very low concentrations of hydrazine. Using polyethylene glycol (PEG) coated ZnS nanoparticles (NPs), a novel and highly sensitive luminescent sensor for cyanide ion detection in aqueous solution has been presented. ZnS NPs have been used to develop efficient luminescence sensor which exhibits high reproducibility and stability with the lowest limit of detection of 1.29 x 10-6 mol L_1. The observed limit of detection of the fabricated sensor is ~6 times lower than maximum value of cyanide permitted by United States Environmental Protection Agency for drinking water (7.69 x 10 6 mol L _1). The interfering studies show that the developed sensor possesses good selectivity for cyanide ion even in presence of other coexisting ions. Importantly, to the best of our knowledge, this is the first report which demonstrates the utilization of PEG-coated ZnS NPs for efficient luminescence sensor for cyanide ion detection in aqueous solution. This work demon strates that rapidly synthesized ZnS NPs can be used to fabricate efficient luminescence sensor for cya nide ion detection. 
IGHLIGHTS G R A P H I C A L A B S T R A C T I n t e n s i t y ( A r b .
U n i t s ) 
(Degree)
properties, recently, scientists have started to utilize nanoparticles (NPs) for the fabrication of efficient luminescent sensors [11] [12] [13] .
Jin et al. have demonstrated the utilization of photoactivated [11] and surface-modified [12] CdSe NPs for cyanide ion detection, but a low sensitivity was obtained. In addition to this, an organic media was required for the analyses which hinder and restrict the analytical potential. In another work, Mareque-Rivas and co workers [13] have reported a turn-on cyanide sensor based on hydrophobic CdSe NPs. This method also has limitations like use of organic solvent (chloroform) and low sensitivity (the limit of detection is 20 mM at pH 10). Because of the use of toxic, volatile organic solvents and low sensitivities, the development of a prac tical and effective cyanide sensor is in infancy. Thus, there is a great need of developing cyanide sensors which can exhibit high sensi tivities and can work efficiently in the aqueous environment. This report presents, for the first time, the use of polyethylene glycol (PEG-2000) coated ZnS NPs (P-ZnS) for the fabrication of efficient, highly sensitive and selective luminescent sensor for cya nide ion detection in aqueous solution. The fabricated sensor exhibits very good reproducibility and long term stability with the limit of detection (LOD) of ~1.29 x 10-6 mol L'1 which is ~6 times lower than maximum value of cyanide (7.69 x 10~6 mol L-1) permitted by the United States Environmental Protection Agency (USEPA) in drinking water. The sensor performance is not affected by presence of other ions, which shows high selectivity of sensor for cyanide ion.
Materials and methods
Materials
PEG-2000 and sodium cyanide (NaCN) were purchased from Fluka Chemika. Zinc acetate (Zn(CH3C00)2-2H20; ZOAc) and thioacetamide (CH3CSNH2; TA) were obtained from CDH, India. All the chemicals were used as received without further purification. Double distilled water (DW) was used for all the experiments. P-ZnS NPs were synthesized by microwave process in 20 s by using ZOAc, TA and PEG-2000 by a similar reaction procedure as described in our previous work [14] .
The morphological investigation of as-synthesized NPs was done by transmission electron microscopy (TEM) at 80 kV (Hitachi H-7500) and the structural characterization was done by X-ray dif fractometer (XRD; PANalytical X'Pert PRO) measured with Cu Ka radiations (/ = 1.54178 A) in the range of 10-70 °C with scan speed of 8°/min. Photoluminescence (PL) spectrum has been recorded using a Perkin Elmer-L55 fluorescence spectrophotometer. A rect angular silica cell with 10 mm path length and 4 ml capacity ha been used for measurements.
Fabrication of luminescent sensor for detection of cyanide ion in aqueous solution
The prepared P-ZnS NPs have been used as luminescent senso for the cyanide ion detection. For this, the stock solution of NaC (0.
Interfering studies
To check the selectivity of proposed sensor for cyanide ion, th solutions of different anions were added to P-ZnS solution (1 mg ml in phosphate buffer at a pH of 10.0) and the PL spectra of re suited solutions were taken. Also, the PL of P-ZnS NPs containin cyanide ions (5xlO~6M) with coexistence of other anion; (1 x 10-4 M) at pH 10 were recorded.
Results and discussion
Morphological and Structural properties of P-ZnS NPs
The typical dimensions and morphologies of as-synthesized P-j ZnS NPs were investigated by TEM and shown in Fig. la . As cam! be seen from the TEM images that the NPs are monodispersed, syn thesized in large quantity and possessing spherical shape with al most equal diameters. The typical diameters of the synthesize NPs are in the range of 12-15 nm. To examine the crystallinit and crystal phases of as-synthesized P-ZnS NPs, X-ray diffractio (XRD) has been done and shown in Fig. 1 b. Well-defined diffractio reflections at 20 = 29,48.3 and 57.4 were observed in the measure XRD pattern corresponding to (111), (22 0), and (311) lattic planes, respectively. The obtained reflections are well matched with the cubic zinc blende structure of prepared P-ZnS NPs. Excep ZnS, no other reflection related with any impurity has been ob served in the pattern, up to the limit of detection of XRD pattern This clearly confirms that the synthesized product is pure ZnS. As an be seen in the pattern, there are broadenings in the reflections hich clearly confirms the nano size of the synthesized NPs.
yanide ion luminescent sensor performance based on P-ZnS NPs
Photoluminescence is one of the important characteristics of nS NPs. The presence of different analytes can affect the PL of nS NPs since the changes on the surface charges, due to the chemkal/physical interactions between ions/molecules, may affect the fficiency of core electron-hole recombination and hence the lumiescent emission. Thus, by examining the changes in the luminesence properties, presence of analyte can be detected. Keeping in lew of excellent optical transmission properties and high-refracive index, the as-synthesized P-ZnS NPs have been used, for the rst time, as luminescent sensor for the efficient detection of cya nide ions. Fig. 2 shows the typical PL spectrum of P-ZnS NPs at excitation avelength of 320 nm. The obtained PL spectrum exhibits the appearance of two emissions, i.e. a small band at 360 nm in the UV region and a broad band appeared at 434 nm in the visible re gion. According to the literature, the peak appeared in the UV re gion has been attributed as band edge emission while visible region peak can be assigned as defect related emission [15] .
The effect of concentration variation of cyanide ion on PL of ZnS NPs has also been depicted in Fig. 2 . The intensity of band edge emission of P-ZnS NPs remains unaltered in presence of cyanide ions. However, the defect related emission quenches on increasing concentration of cyanide ion. According to the literature, the PL of NPs depends upon the presence of different analytes [16, 17] . The changes in the charge on the surface of NPs, caused by the chemical or physical interaction between ions or small molecules present in the NPs environment, can respond via changes in their PL emissions. The band edge emission corresponds to recombination of exciton-hole pair and depends upon size of NPs [17] . Thus the change in surface charge does not alter this emission and only de fect related peak at 434 gets affected by presence of cyanide ion.
The concentration dependence of the luminescence intensity shows the binding of cyanide ions to the surface of the P-ZnS NPs. Positive value of 19.7 mV of zeta potential of P-ZnS NPs indi cates that the surface of NPs is positively charged, i.e. the surface is rich in Zn+2 ions. Thus, the negatively charged cyanide ions can bind to positively charged Zn+2 ions on the surface which leads to quenching in PL emission of P-ZnS NPs. The binding of cyanide ions to Zn+2 ions is supported by zeta potential value of P-ZnS NPS in the presence of cyanide ions (-5.2 mV) which indicates that the negatively charged cyanide anions are adsorbed on positively charged P-ZnS NPs. This is further supported by FTIR spectra. Fig. 3a and b shows FTIR spectra of pure cyanide in nuzol and of aqueous solution of P-ZnS NPs containing cyanide ions respec tively. The characteristic vibration of cyanide in pure cyanide is at 2080 cm \ which has shifted to 2140 cm'1 when cyanide is added to P-ZnS solution. The change in frequency is due to binding of cyanide ion to Zn+2 ions. The shift of frequency to higher value is attributed to kinematic coupling which means that there is bridged complex formation between Zn+2 ions and cyanide ions. Thus, the motion of cyanide ion is constrained by second Zn+2 ion. This mechanical constraint upon cyanide ion shifts its frequency to higher value [18] . f present and previous sensors for detection of cyanide ion has een shown in Table 1 .
ffect of pH 
electivity and interference measurements
To investigate the selectivity and specificity of the fabricated uminescence sensors towards cyanide ion, the luminescence reponse of this sensing system with other anions, under the same onditions, were evaluated. Various ions such as r.Cr,Br,r.N03,S2 .SO2 ,C02', and HC03 (from salts KF, KCl, Br, KI, K2N03, Na2S, Na2S04, Na2C03 and NaHC03 respectively) ere chosen for these experiments. The concentration of S2" ions s determined gravimetrically by trapping with AgN03 and eighing mass of Ag2S formed. Fig. 6 exhibits the relative PL intenity (/0//) of P-ZnS NPs solution in the presence of various anions 5.00 x 10 6M). The relative PL intensity for the cyanide ion is xceptionally high as compared to other anions as can be seen in Fig. 6 . In other words, the influence of other anions is almost negigible as compared to cyanide ion in the sensing system. Thus, the bserved results confirmed that the fabricated luminescence sen sor exhibit good selectivity toward cyanide ion.
In order to further verify the performance of fabricated cyanide ion luminescence sensor, the PL intensity has been recorded in the presence of other competing ions (F ,CP,Br ,1 , N03. S2_, SO4-, CO2-, and HC03). Fig. 7 exhibits a relative PL inten sity (I0/I) of P-ZnS NPs solution in presence of cyanide ions (5.00 x 10-6 M) with coexistence of other anions (1.00 x 10~4 M) at pH = 10. There are negligible changes in the PL intensities in the presence of coexisting ions which further confirms the high selectivity of the fabricated luminescence sensor toward cyanide ion. Therefore, it can be concluded that other ions do not affect the ability of proposed sensor to detect cyanide ion.
Further, the above method has also been used to analyze spiked real samples. Fig. 8 shows negligible effect on /0// values in PL of NPs on addition of real samples like tap water, river water (col lected from Ghagar river, Chandigarh, India) and blood serum to aqueous solution of NPs. However, the PL intensity shows a signif icant change for samples spiked with cyanide ions (5.00 x 10-6 M). Thus the fabricated sensor can be applied to real world samples.
Conclusions
In summary, P-ZnS NPs were successfully synthesized by using microwave technique and efficiently used to develop, for the first time, a novel, highly sensitive, robust, reproducible and reliable sensor for the effective detection of cyanide ions in the aqueous solution. The adsorption of cyanide ion causes quenching of PL of NPs. To the best of our knowledge this is the first report in which ZnS NPs have been used as sensor for cyanide ion. The developed sensor exhibits excellent reproducibility and enduring stability with the lowest limit of detection of 1.29 x 10-6molL~\ which is ~6 times lower than maximum value of cyanide permitted by United States Environmental Protection Agency for drinking water. The developed sensor has high specificity for cyanide ion even in the presence of other ions and in real samples as well. Moreover, the present method has lower limit of detection in comparison with previous sensors for detection of cyanide ion. Hence fabri cated sensor is a promising candidate for detecting minute concen trations of cyanide with high sensitivity and specificity.
INTRODUCTION
There is a great deal of interest in investigating opti cal properties of semiconductor nanoparticles (NPs) due to their versatile applications in biological labeling,13 ,b in vivo bioimaging,23 2b multi-color optical encoding of biomolecules3 and so on. It has been investigated that the photoluminescence (PL) properties of NPs effectively depend upon the size, surface states, nature of chem ical treatment etc. and hence can be used in chiroselective analysis of different substrates and biosensing etc.4-8 Because of various important applications, exten sive theoretical and experimental effort have been made to understand the mechanisms of the PL enhancement phenomenon for NPs and quantum dots (QDs). However, understanding on the mechanism of the PL quenching phe nomenon is still very limited. Thus it is necessary to study, in detail, the optical properties of semiconductor NPs and QDs for their efficient applications.
Among various semiconductor NPs and QDs, zinc sulphide (ZnS) NPs, a II-VI semiconductor, possesses a special place because of its excellent properties and wide applications.9 Due to various favorable electronic and opti cal properties, ZnS is widely used in electroluminescence, non-linear optical devices, light emitting diodes, biological * Authors to whom correspondence should be addressed. Among various methods to prevent aggregation of NPs and QDs, surfactants have been demonstrated to be very efficient capping agent for stabilizing the NPs in aqueous solutions. Surfactants are amphiphillic molecules contain ing a hydrophobic tail and a hydrophilic head group. In aqueous solutions the hydrophobic groups avoid contact with water resulting in formation of micelles. Therefore, extensive structural, kinetic and thermodynamic studies have been performed to explore the fundamental under standing of surfactant-water system including the effect of additives on micellization.7 8 /3-cyclodextrin (/3-CD) is a cyclic oligosaccharide having a cavity whose exterior is hydrophilic and interior is hydrophobic. It forms inclusion complexes with surfactants by encapsulating hydropho bic chain of surfactants in its cavity without formation of any covalent bond. By interacting with surfactants, it affects micellization of surfactants7,8 and hence also affects growth of nanoparticles and their optical properties.
This work is focusing on a systematic study of the effect of /3-CD on the PL properties of cetyl trimethyl ammo nium bromide (CTAB) stabilized ZnS NPs. The chemical structure of CTAB is mentioned in Figure 1 . Interestingly, it has been observed that with increasing the concentration of /3-CD, the size of the NPs increases and PL intensity decreases. In addition to this, an attempt has been made to understand the mechanism for the variation in PL proper ties and size of the NPs.
MATERIALS AND METHODS
Materials
CTAB was purchased from Sigma Aldrich while /LCD, Zn(OAc)2 • 2H20 and Na2S • xH20 were obtained from CDH. All the chemicals were used as received without further purification. Deionized (DI) water was used for all the experiments.
Synthesis and Characterization of ZnS Nanoparticles NPs
The colloidal ZnS NPs have been prepared in cationic surfactant CTAB according to the previously described method.10 In a typical reaction process, for the prepa ration of ZnS NPs in CTAB, two micellar solutions of CTAB (3 mM), one containing Zn(OAc)2 • 2H20 (0.025 M) and another containing Na2S xH20 (0.025 M), were pre pared in DI water. The synthesis of ZnS nanoparticles was performed in two-steps in which the first step involves the generation of the S2-surfactant complex by adding aqueous Na2S xH20 to aqueous surfactant solution. In the second step, dropwise addition of aqueous micellar solu tion containing Zn(OAc)2 into the first prepared solution with constant stirring at ambient temperature which finally leads to the formation of ZnS NPs. The resultant homo geneous solution was then allowed to stand for 30 min at room temperature. For the coating of /3-CD to ZnS NPs, the /3-CD was added along with CTAB in micellar solution at differ ent concentrations. During this process, the /3-CD units were linked to surfactant simply by formation of inclusion complexes and there has been no covalent bond forma tion involved. Several experiments have been performed by varying the (3-CD concentration in the range 0-3 mM.
The morphologies of ZnS NPs in CTAB in absence and presence of /3-CD were characterized by transmission elec tron microscopy (TEM) at 80 kV (Hitachi H-7500). The particle size distributions of prepared NPs were evaluated by particle size analysis (PSA) using Malvern Zetasizer nanoseries. To examine the optical properties, the prepared NPs were examined by UV-Vis spectrum (Thermo Fisher Scientific Evolution 160 UV-Vis spectrophotometer) and photoluminescence (Perkin Elmer LS-55 spectrophotome ter) at room-temperature.
RESULTS AND DISCUSSIONS
The general morphologies of as-prepared materials was examined by transmission electron microscopy (TEM). Figure 2 (a) exhibits the typical TEM image of as-prepared ZnS products which reveals that the NPs are possessing spherical shapes with almost similar sizes. The typical diameters of the synthesized ZnS NPs are in the range of 7-16 nm ( Fig. 2(a) ). Figure 2 (b) exhibits the typical TEM image of the ZnS NPs in presence of 3 mM /3-CD. As observed from the micrograph that due to the coating of /3-CD, the nanoparticles sizes significantly increased. In addition to this, the spherical shapes of the nanoparticles were also distorted and irregular shaped nanoparticles were obtained. The typical sizes of the NPs in the presence of 3 mM /3-CD were in the range of ~70-110 nm (Fig. 2(b) ). The particle size distribution of as-synthesized bare and [3-CD coated ZnS NPs were characterized by particle size analyzer (PSA) and shown in Figure 3 . For the mea surements, the nanoparticles solution were taken in a polystyrene cuvette and exposed to laser light diffraction at an angle of 90°. Figure 3 (a) exhibits the particle size distribution graph of bare ZnS NPs which reveals that the mean diameters of as-synthesized ZnS NPs are ~10 nm and the polydispersity index (PDI) was found to be 0.47. In another hand, the mean diameter of the [3-CD modified NPs was estimated to be ~70 nm (Fig. 2) . The PDI for the modified NPs was found to be 0.59. Figure 4 exhibits the schematic presentation of CTAB stabilized ZnS nanoparticles in absence and presence of [3-CD. It can be seen that upon surface modification with [3-CD, CTAB stabilized ZnS NPs starts aggregating. It is observed that CTAB has strong binding,with [3-CD and thus it can thus be easily pulled by [3-CD through encap sulating its hydrophobic chain within cavity of [3-CD. 8 As a result, micellar size increases and hence NP size also increases (Fig. 4) .
To investigate the effect of stabilized ZnS nanoparticles at different concentrations of /3-CD. In all the cases, a broad band at ~450 nm has been appeared in the PL spectra which is attributed as defect level emission and originated due to the defects such as vacancies and impurities on the surface of the NPs. Moreover, these defects give rise to trap states into which the electron or hole can migrate. In addition to this, the broad band in the PL spectra can be attributed to the number of trap states with a slightly different energy level due to sample polydispersity (PDI = 0.47). PL was also recorded at different times to examine growth of NPs (Figs. 5 and 6). after addition of Zn(OAc)2, which indicates particles are not stable in presence of /3-CD and with time they settle down.
Thus it is clear that the PL intensities of ZnS NPs decreases dramatically with increasing the dosage of /3-CD. This trend was expected as the size of the NPs increases with increasing the dose concentrations of /3-CD. As can be seen that the variations in the PL intensities are too large i.e., total quenching takes place on sur face modification with [3-CD, hence it is believed that some other factors may also be responsible for this drastic change.
The large quenching in CTAB stabilized NPs, in the presence of [3-CD, can be attributed to either energy trans fer or electron transfer, apart from increase in size. For energy transfer to occur, the absorption of [3-CD must overlap with emission of ZnS NPs. Figure 7 shows the PL spectrum of ZnS NPs (red line) and absorption spectrum of [3-CD (black line). As can be seen that there is no over lap between the PL spectrum of ZnS NPs and absorption spectrum of [3-CD hence, it could be concluded that the probability of energy transfer is minimized. The observed PL quenching could be thus ascribed as a photo induced electron transfer between /3-CD and ZnS NPs. Moreover, for electron transfer to occur, it is very important that LUMO of donor molecule should be energetically higher as compared to conduction band of acceptor ZnS NPs. Figure 8 exhibits the schematic presentation for electron transfer from photo-excited [3-CD to conduction band of ZnS NPs. It is known that the /3-CD has high LUMO level (1.44 eV)11 as compared to conduction band of ZnS NPs (-1.9 eV). Therefore, a photo induced electron transfer takes place easily from /3-CD to conduction band of ZnS NPs, which results in quenching of luminescence of CTAB stabilized nanoparticles (Fig. 8 ).
CONCLUSIONS
In conclusion, a mechanistic study of effect of /3-CD on CTAB stabilized ZnS NPs has been performed. The increase in size of NPs and PL quenching have been J. Nanosci. Nanotechnol. 12, [1760] [1761] [1762] [1763] [1764] 2012 observed on increasing concentration of /3-CD. These variations can be attributed to inclusion complex formation between CTAB and (3-CD. The electron transfer between /3-CD and ZnS NPs has been ascribed as another rea son for large PL quenching of ZnS NPs. Thus, the size and PL properties of ZnS NPs can be tailored by adding desired concentration of /3-CD for specific and aspiring applications. imaging. The Au core-magnetic shell combinations have potential advantages of magnetic separation from precur sor materials which are employed in magnetic separation of biological target and the possibility of facile surface 112 modification. 113 The combination of Au with titania (Ti02) is important particularly because of its environmental and catalytical applications where Ti02 with a high surface area-tovolume ratio is required. However, unsupported high surface area forms of Ti02 are thermally unstable. Hence, significant efforts have been focused on coating Ti02 on high surface area supports such as Au particles. Recently, many preparation routes have been developed to synthe size Au@Ti02 core-shell NPs which greatly enhance the activity of Ti02 by reducing the fast recombination of the photogenerated charge carriers. Au@Ti02 NPs act as active catalysts for a number of reactions, e.g., the lowtemperature oxidation of carbon monoxide, the selective oxidation of propene and photocatalytic oxidations used for environmental cleanup, especially in water cleaning and removal of volatile organic compounds in air.
INTRODUCTION
The third combination that needs attention is quantum dots (QDs) and plasmonics. The cytotoxicity of quan tum dot probes alone limits their medicinal applications. But Au NP-based probes do not have such toxic effects, thus, they can be applied in plasmonic property-based dark field imaging in cell labeling. Au/semiconductor (M/S) core/shell combination is of particular interest to photocat alytic and electron storage applications. For metal semi conductor core-shell nanocrystals, the interface promotes effective charge carrier transfer to favor charge separation and consequently photocatalysis. In addition, the semi conductor shell protects the metal core from chemical poisoning since they possess higher oxidation potentials when exposed to the surrounding medium and thus extend the lifetime of the metal/semiconductor composite nano crystals during their photocatalytic operation. The last but not the least combination is Au nanoshells grown on silica core particles as their optical properties can be deliberately manipulated from the ultraviolet to the near-infrared regions of the electromagnetic spectrum. Au shell-silica core particles can be used as band-pass optical filters, Raman enhancers, quenchers of conjugated poly mer oxidation, and nanoscale platforms for drug delivery. Silica NPs represent a convenient dielectric core, as they can be grown with a low polydispersity (less than 1%). Sil ica coating is also very beneficial as it provides chemical inertness, photochemical stability even under laser photol ysis, colloidal stability at high volume fractions and easy transfer into a wide range of media.
COMBINATION WITH TITANIA NPs
Contaminated water and polluted air have affected the environment and human health. Hence, much research has been undertaken to address this global issue I since Fujishima and Honda6 discovered water photolysis in the presence of a titania (Ti02) electrode in 1972. There has been a growing interest in the development of highefficiency photocatalytic materials based on anatase Ti02 due to its low cost, low toxicity, and chemical stability. [7] [8] [9] [10] [11] Despite of the positive attributes of Ti02, there are a few drawbacks associated with its use: (i) charge carrier recombination occurs within nanoseconds12-13 and (ii) the band edge absorption threshold does not allow the utilization of visible light.14 Doping Ti02 with noble metals (e.g., Au and Ag) has been demonstrated to greatly enhance the photoactivity of Ti02 by reducing the fast recombination of the photogenerated charge carriers. 15 Kamat16 described that one of the major goals behind designing composite NPs is to improve the catalytic prop erties or to tune the luminescent or sensing properties (Scheme 1). Contact of metal with the semiconductor indirectly influences the energetics and interfacial charge transfer processes in a favorable way. For example sin gle component semiconductor NPs exhibit relatively poor photocatalytic efficiency (<5%) since the majority of the photogenerated charge carriers undergo recombination. 17 Semiconductors metal composite NPs on the other hand facilitate charge rectification (i.e., directing the flow of electrons and holes in opposite directions) and improve the photocatalytic efficiency in these systems. The deposi tion of a noble metal on semiconductor NPs is an essen tial factor for maximizing the efficiency of photocatalytic reactions.18-19 The noble metal (e.g., Au), which acts as a sink for photoinduced charge carriers, promotes interfacial charge-transfer processes. When Au/Ti02 materials are applied in photocataly sis, the material preparation method plays an important role in determining the photocatalytic activity. The parti cle size and distribution of the Au and the Au-metal oxide interface are noticeably dependent on a range of condi tions (such as metal concentration, solution pH, tempera ture of synthesis, aging time and temperature, and sample heating).20 21 A variety of synthesis approaches have been investigated to prepare Au/Ti02 materials, includ ing deposition-precipitation,22 coprecipitation,23 ionized cluster beam deposition,24 sputtering,25 chemical vapor deposition,26 sol-gel routes,27 and combined radio fre quency sputtering/sol-gel approach.28
A simple method25 of preparing semiconductor-metal nanocomposites (represented as core@shell) involves reduction of the desired metal on preformed semicon ductor NPs. For example, Ti02@Au NPs can be pre pared by adding the desired amount of HAuC14 solution to the colloidal Ti02 in water while stirring vigorously. The Ti02 colloids prepared in acidic medium were posi tively charged. Thus, AuClj ions can be attached to Ti02 via electrostatic binding. Upon reduction with NaBH4 they obtained stable Ti02@Au nanocomposite particles in water. The presence of metal oxide colloid is important for achieving the stability of the suspension.
Supported Au NPs smaller than 5 nm are extremely active catalysts for low temperature CO oxidation. Another key function that needs to be realized for the successful use of an Au catalyst is thermal stability against NP growth and sintering because the catalytic activity declines with the particle size. Thermal stability depends on several atomic and nanoscale characteristics of the sys tem, such as the anchoring strength of the particle at the oxide substrate, the adsorption energy and migration bar rier of an individual Au atom on a NP or oxide surface, and the barrier for an Au atom jumping from the particle to the substrate. All of these characteristics should depend on the size and shape of the nanoparticle, as well as on the type of oxide substrate and on the presence of impurities and structural defects at the oxide surface. The literature distinguishes between "inert" and "active" (or reducible) oxides such as Si02, A1203 and Ce02, Fe203 and Ti02, respectively.47 The higher catalytic performance of Au on reducible oxides is attributed to the stabilization of the NPs by the stronger metal-support interaction, to the creation of ionic Au species and to the lattice oxygen mobility. 48 With an inert support like silica, the most traditional meth ods of catalyst preparation fail to achieve high dispersion resulting in poor activity. 49 In spite of this inconvenience, silica is still an attractive support because of large sur face area, high thermal stability, mechanical strength and its structure simplicity favoring a better understanding of the active site structure-activity relationship. On the other hand, titanium oxide has a much lower surface area but belongs to the class of the reducible and n-type semicon ductor oxide. It is known that Au/Ti02 can be highly active in this reaction but suffers from a significant loss of activ ity at high temperatures (mainly due to the growth and sintering of Au NPs). This feature of Au/Ti02 catalysts can cause significant restrictions in using these systems at elevated temperatures.
The seminal work of Haruta et al.22 demonstrated that isolated colloidal Au particles decorating Ti02 and alumina (A1203) achieved 50% conversion to C02 and 02 at temperatures as low as -25 and 10 °C, respectively, with CO turnover rate increasing dramatically when the metal crystals were ~4 nm in diameter. Several models have been proposed for oxygen adsorption on supported Au particles are visualized in Scheme 2.
Schubert et al. 47 have mentioned that for the model no.l,? the role of the support material is limited to the stabiliza tion of very small Au NPs and/or particles with highly reactive Au sites or crystallite faces. While in the other models, the oxygen adsorption is believed to occur on the support (or at the metal-support interface) possibly on oxygen vacancies which should be present on semiconduc tor materials such as Ti02, Fe304, or ZnO, especially in the proximity of the Au particles as a consequence of the Schottky junction at the metal-semiconductor interface.
Veith et al. 50 have demonstrated the role of pH in the formation of structurally stable and catalytically active 
Ti02
-supported Au catalysts. The room temperature cat alytic activity of the freshly prepared Au on titania (Degussa P25) was investigated by studying the oxidation of CO (Fig. l(i) ). However, treating the titania support powder to a mock deposition-precipitation process, at pH 4, followed by the subsequent deposition of Au onto this treated powder produced a remarkable enhancement in Au particle stability and a 20-fold enhancement of catalytic activity (Fig. l(iii) ). Furthermore, it was found that treat ing the Ti02 under basic conditions (pH 10) resulted in a further enhancement of structural stability and a further doubling of the reaction rate to 0.28 mol of CO/mol of Au-s (Fig. l(ii) ).
This enhancement cannot be attributed to removing sur face Cl~ species from the Ti02, the formation of oxy gen vacancies on the Ti02 surface, or an electronic effect.
Instead, it appears to be associated with the formation of strongly bound hydroxyl species on the Ti02 surface. The formation of surface hydroxyls during the depositionprecipitation method is coincidental and contributes signif icantly tfo the properties of Au/Ti02 catalysts.
Hidalgo and coworkers51 have studied the influence of sulfated pretreatment of TiCT on the structure, morphol ogy, and dispersion of Au and photocatalytic properties of Au/Ti02. Notable enhancements in the photocatalytic activity of Ti02 were achieved by deposition of Au onto samples that had previously undergone sulfate treatment followed by high temperature calcination. The enhance ment in activity can be attributed to the stronger bond ing and improved electronic communication between Au particles and Ti02 on defect rich surfaces as are found on sulfated samples after calcination at 700 °C. Two dif ferent methods for Au deposition were evaluated: chem ical reduction by citrate and photodeposition. The citrate method produced more homogeneous and smaller Au par ticles with a better dispersion than photodeposition, which lead to greater increases in activity in the photocatalytic degradation of phenol when the former method was used for deposition on both sulfated and nonsulfated Ti02. The combination of sulfate pretreatment and Au deposition by chemical reduction was shown to be a good strategy to obtain Au/titania catalysts possessing homogeneous parti cle size and dispersion of the metal and a strong bonding between the Au and the Ti02 surface.
TEM micrographs of selected samples are presented in Figure 2 . As it can be clearly observed, photodeposition (panels A and B) led to a poor homogeneity and disper sion of Au particles, with some areas of the TiCT surface having a high density of Au particles and others being rel atively empty. In addition, Au particles deposited via this method were irregularly sized, varying from around 10 nm to more than 100 nm in diameter. In contrast, by deposi tion with the citrate method (Figs. 2(C and D) ), Au par ticles presented homogeneous spherical shape with sizes between 10-15 nm and a homogeneous dispersion on the Ti02 surface. Characterization of the materials showed that the cit rate reduction method resulted in smaller, more evenly dis persed NPs than the photodeposition method. Clearly, this serves to explain the greater increase in activity result ing from Au deposition in samples prepared by the for mer method compared to the latter (Fig. 3) . Smaller and homogenously distributed Au particles on the Ti02 surface of samples prepared by the citrate method can act as much effective traps for photogenerated electrons. Moreover, for the nonsulfated samples prepared by photodeposition the activity decreases with the addition of Au, probably due to the shadowing and blocking of Ti02 active sites by the big and scarcely effective Au particles in these samples.
Many studies have been carried out in order to stabi lize the supported Au NPs. It has been suggested52 that the use of binary mixed oxides as Au supports could be a good solution for the stabilization of Au NPs. Yan et al.53 prepared a highly stable catalyst by impregna tion of Au over an A1203 thin layer on Ti02 (anatase) (Al203/Ti02); the catalysts showed high activity for the CO oxidation even after calcination of the catalyst at 773 K. The HRTEM observations showed that the size of the Au particles increases markedly at high temperatures on Ti02 but slightly on Al203/Ti02. 53 On the other hand, Venezia et al. 54 and Tai et al.55 reported similar findings using Ti02/Si02 mixed oxides as Au supports. Venezia et al.54 also tested the catalytic behavior in the oxidation of CO. A significant enhance ment in the activity was observed for the Au supported on mixed oxide with low Ti02 loading. On the basis of characterization data, the positive effect is assigned to the electronic modification of the Ti(IV) of the newly formed Ti-O-Si bonds. The increased Ti(IV) oxidation potential may enhance the oxygen mobility at the interface between the Ti-O-Si unit and the Au particles with the consequent increase of the CO oxidation activity at low temperature. This effect is pronounced at low Ti02 loading since the contribution of such interface would be bigger as com pared to the samples with higher Ti02 content. The data are summarized in Table I in terms of temperature of 50% CO conversion, rate constant calculated at 340 K and acti vation energy calculated for the temperature range of 320-370 K. It is worth noticing that although AuTi02 converts completely the CO at a lower temperature (430 K) with respect to AuSi02 (500 K), their behavior is inverted in the low temperature range with a slightly better activity for Au on silica. The activation energies are typical of the val ues generally reported for CO oxidation on Au supported catalysts.
It is known that N-doping of Ti02 makes photocatalytic activity possible for the splitting of water, and other reac tions, under visible light. Graciani et al. 56 showed from both theory and experiment that Au preadsorption on Ti02 surfaces significantly increases the reachable amount of N implanted in the oxide. The stabilization of the embed ded N is due to an electron transfer from the Au 6 s levels toward the N 2p levels, which also increases the Ausurface adhesion energy. In experiments, the Au/TiNv02_v system was found to be more active for the dissociation of water than Ti02, Au/Ti02, or Ti02 . Furthermore, the Au/TiNv02_v surfaces were able to catalyze the production of hydrogen through the water-gas shift reaction (WGS) at elevated temperatures (575-625 K), displaying a cat alytic activity superior to that of pure copper (the most (A) "jyjotwr (8) fUO'-im active metal catalysts for the WGS) or Cu NPs supported on ZnO. The adsorption energies observed from figure 4 showed that the interaction is larger when there is direct1 bonding between Au and N atoms, which is only possible when N atom lies on the first layer of Ti02 surface. The preferred site is found when Au atom is on top of Nip (N in plane) with adsorption energy of -2.55 eV. A significant increasing of the interaction energy with respect to both stoichiometric and reduced surfaces was also observed by them. Zhang et al.57 found that the Au/N-Ti02 samples presented much higher photocatalytic activity for degrada tion of methyl orange (MO) than N-doped Ti02 under both UV and visible light irradiation. The excellent photoac tivities of Au/N-Ti02 compared with N-doped Ti02 were explained by its appropriate Au particle sizes and cooper ation effect between N species and metallic Au particles. It was concluded from Scheme 3 that the oxygen vacan cies produced by N-doping might decrease after Au NPs deposition on the surface of N-Ti02, and hence inhibition of surface recombination process.
The combination of groups VIIIB and IB noble met als proved to be beneficial in many cases. The pres ence of Pd, for example, significantly increased the CO oxidation rate on Au/Ti02.58 Kiss et al. 59 found that on Ti02, the Mo coadsorption enhanced the Au dispersion and led to the disruption of Au nanoparticles. The dis persion enhanced irrespective of the deposition sequence of the metals, which was correlated to stronger Au-Mo and Au-TiOv bond related to the Au-Au bond strength. It was deduced that the strong reactivity of Mo toward Ti02 plays a role in that process. Same authors60 have also dis cussed the interaction of Au supported on Ti02 (110) with rhodium, which interacts more weakly with Ti02 mainly because of its lower activity toward surface oxygen. Inter estingly, the number of Au atoms on the topmost layer also increased in this case, but the mechanism of the process is different from the Au-Mo bimetallic system.
COMBINATION WITH MAGNETIC NPs
Magnetic NPs are the particles of nano-size which are manipulated by the magnetic field. The magnetic ele ments can be iron, cobalt or any magnetic material. They show potential applications in potential use in catalysis, biomedicine, magnetic resonance imaging, magnetic parti cle imaging, data storage and environmental remediation. Quantum size effect and the large surface area of magnetic NPs dramatically change some of the magnetic, proper ties and exhibit superparamagnetic phenomena and quan tum tunnelling of magnetization, because each particle can be considered as a single magnetic domain.*1 Due to their unique properties, superparamagnetic NPs have been widely used in the fields of biotechnology and ferrofluid technology. 62 cancer cell that can be heated through near infrared (NIR) light or an alternating magnetic field. The resulting heat can then destroy the tumor cells without damaging the healthy tissues. Since the magnetic field can penetrate deep into the tissue, the use of magnetic fluid provides a versa tile method to treat a variety of tumors such as anaplastic astrocytomas or glioblastomas. An ideal nanoparticle for this application should be a strong magnet, biocompatible, and resistant to corrosion as well as aggregation. Unfor tunately, bare Fe particles cannot directly be used for the following reasons: (f) Free iron is toxic because of its propensity to induce the forrpation of dangerous free radicals.
(2) They can easily aggregate to form larger particles, thus resulting in the formation of thromboses. (3) They can easily be oxidized, which in turn will weaken their magnetic property. In order to circumvent the above problems, Fe NPs need to be coated so that they retain their high magnetic moment, and remain nontoxic, biocompatible, and chemically stable.
Au has been recognized as the best candidate for coat ing due to its bio-compatibility, functionality with various enzymes, chemical inertness. Carpenter64 demonstrated the synthesis of Au coated iron NPs by reverse micelles and proved them as potential magnetic carriers. The magnetic properties of the particles are compared with two other commercial magnetic carriers, Seramag M-280 and Dynal Dynabeads in Table II . In each case, the commercial prod ucts rely on magnetic iron oxides. Iron NPs offer an order of magnitude greater susceptibility at room temper ature. This translates to lower magnetic fields needed to manipulate the particles or improved localization of the particles. In addition to the improved magnetic properties, Au-coated iron NPs have increased functionality as a result of the very diverse chemistry associated with Au. It has Sun et al. 62 have given answers to all these questions by using theoretical calculations. They carried out first sys tematic theoretical investigation of the structural and mag netic properties of Au-coated iron nanoclusters at various size ranges and provided answers to the aforementioned important questions on the shell-core interactions. They were successful in drawing some general conclusions that are valid for larger particles:
(1) The magnetic moment of a Fe atom is enhanced over bulk value and remains insensitive to the amount of Au coating. (2) The coupling between the Fe atoms remains ferromag netic irrespective of the number of Au layers. (3) The iron core remains magnetic with a large magnetic moment. (4) Coating of Au also prevents iron from oxidation and may also prevent their coalescence and formation of thromboses in the body. (5) Au coating improves the biocompatibility and provides a platform for magnetic particles to be functionalized.
In Table III , the main results for Fe13, Fe13@Au42, and Fe13@Au134 clusters are summarized and the thickness of the Au shell has some effect only on the induced moment distribution in the Au shells but has little effect on the magnetic moment of the Fe core, whose large magnetic moment is very well retained. This is a very desirable property in magnetic drug delivery and hyperthermia treat ment. Apart from biomedical applications, there are num ber of other applications also explained in the later part. Hou et al.66 reported a surface enhanced Raman scatter ing (SERS) substrate consisting of magnetic Fe304 and Au NPs allowed a high-quality SERS spectrum of C60 to be obtained. Au NPs are known to exhibit good SERS activ ity for fullerene molecules and it is impossible to obtain an SERS spectrum for C60 simply with a Fe304 nanoparticle modified surface or a bare glass surface. Dropping Au NPs onto a magnetic surface consisting of Fe304 NPs allows more extensive information to be obtained from the SERS spectrum derived from the co-modified substrate (Fig. 5) . On reaching the Au nanoparticle surface, the laser pro duces an excited localized surface plasmon that creates a high local electromagnetic field in the vicinity of the Au NPs. Introducing Fe304 NPs onto the substrate leads to Pham and Sim67 used Au-coated magnetic NPs to pro vide enhanced immunosensing in electrochemical applica tions. Au-coated magnetic NPs with sizes ranging from 20 to 70 nm were immobilized on the surface of the electrodes. The immunological reaction between human immunoglobulin G (IgG) immobilized on the NPs and pro tein A from S. aureus was successfully conducted and analyzed. Electrochemical impedance techniques in com bination with cyclic voltammetry (CV) were used for the purpose of detecting the layer-by-layer structure of a modified magnetic carbon paste electrode (MCPB). Pham et al.6S also synthesized citrate-stabilized Au-coated ferric * oxide composite NPs for biological separations. Magnetic separation of biological molecules using Au-coated mag netic oxide composite NPs was examined after attachment of protein (IgG) through electrostatic interactions. Using this method, separation was achieved with a maximum yield of 35% at an IgG concentration of 400 ng/ml.
Tamer and coworkers69 synthesized magnetic core shell Fe304-Au NPs for biomolecule immobilization and detection. Developed core-shell NPs have been investi gated in two different bioassay applications. They were fructose measurement based on boronic acid-activated magnetic NPs and immunomagnetic separation of E.coli using developed core-shell nanoparticles. Immunomag netic separation was also performed at different E.coli concentration to evaluate capturing efficiency of result ing nanoparticles. Immunomagnetic separation percent ages were varied in a range of 52.1 and 21.9% depend on the initial bacteria counts. They concluded that fructose assay performed in this study demonstrated that the parti cle gives an opportunity of detection of small molecule on particle surface and it is possible to use magnetic NPs to Rev. Adv. Sci. Eng., 1, [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] 2012 separate micro size bacteria in sample medium with higher performance rather then magnetic micro particles.
A novel dopamine sensor was fabricated by Qiu and coworkers70 forming the 6-ferrocenylhexanethiol (HS(CH2)6Fc) functionalized Fe304@Au NPs films on the surface of a carbon paste electrode with the aid of a per manent magnet. The electrooxidation of dopamine could be catalyzed by Fc/Fc+ couple as a mediator and had a higher electrochemical response due to the unique perfor mance of Fe304@Au NPs. The nanocomposite modified electrode exhibited fast response (3 s) and the linear range was from 2.0 x 10~6 to 9.2 x 10-4 M with a detection limit of 0.64 /jlM. This immobilization approach effec tively improved the stability of the electron transfer medi ator and is promising for construction of other sensors and bioelectronic devices.
Bao et al. 71 reported the synthesis of bifunctional AuFe304 NPs that are formed by chemical bond linkage. They demonstrated that as-prepared Au-Fe304 NPs can be modified with nitrilotriacetic acid molecules through Au-S interaction and used to separate proteins simply with the assistance of a magnet. This result showed the efficiency I of such'a material in protein separation and suggests that its use can be extended to magnetic separation of other biosubstances. Stoeva et al.72 described a novel method for the1 synthesis of composite particles with a Au surface, sil ica core, and magnetic inner layer and used these 3-layer magnetic NPs as DNA probe.
Apart from these applications, magnetic Au NPs also show catalytic properties in various reactions. Uniform Fe304 nanospheres with a diameter of 100 nm were rapidly prepared using a microwave solvothermal method by Zhang et al. 73 Then Fe304/polypyrrole (PPy) com posite nanospheres with well-defined core/shell structures were obtained through chemical oxidative polymerization of pyrrole in the presence of Fe304; the average thick ness of the coating shell was about 25 nm. Furthermore, by means of electrostatic interactions, plentiful Au NPs with a diameter of 15 nm were assembled on the sur face of Fe304/PPy to get Fe304/PPy/Au core/shell/shell structure. Furthermore, the nanocomposites showed excel lent electrocatalytic activities to biospecies such as ascor bic acid. Xuan and coworkers74 reported the synthesis of monodisperse Fe304@PANI@Au nanocomposites with defined core/shell nanostructure. The central magnetite cores are superparamagnetic at room temperature with strong magnetic response to externally applied magnetic fields, thus providing a convenient means for separat ing the nanocomposite from solution. Additionally, such nanocomposites were used as a magnetically recoverable catalyst for the reduction of rhodamine B with NaBH4. In a parallel comparison to the Fe304@Si02@Au catalyst, the Fe304@PANI@Au NPs is a more effective catalyst which can also be recycled for repeated catalyzes.
COMBINATION WITH QUANTUM DOTS
QDs have found numerous applications in biology, bioana lytics, and optoelectronics.75-81 The most successful appli cation is the use of colloidal quantum dots in biological diagnostics, which was first demonstrated in 1998.80 QDs can act as luminescent label to monitor biological reac tions. A more traditional area of applications are electro optic devices.77 Another important application is solar energy conversion.82,83 Also, semiconductor photocataly sis has attracted interest due to its potential contribution to environment problems.14,84,85 These numerous applica tions of QDs can be attributed to their tunable optical, elec trical or photoredox properties as a function of the particle size.86 Most of QDs are toxic in nature which makes them unsuitable for biological applications. Also, quantum dots like ZnO are insoluble in water and chemically unstable which reduces their utility in many applications. Hence, coating with noble metals like Au not only provides chem ical stability to these QDs but also helps in making them biocompatible. Also, the coating with Au on QDs play an important role in the development of photochemistry, solar energy conversion and microelectronics.87',88 On the, other hand, semiconductor coating on Au NPs can tailor the electronic properties of the metal and tune the opti cal properties of the semiconductor. These nanocomposites exhibit improved physical and chemical properties over their single component counterparts. 89 But whenever an attempt has been made to combine QDs with Au NPs, their optical properties generally get quenched due to interference of the electric fields of particles.90-92 However, in some cases enhancement has also been observed.93-95 The interaction is relatively com plex and interesting. The improved emission from QDs located in vicinity of Au NPs can be due to enhancement of electric field strength around QDs, provided of course that the frequency of the enhanced electric field corre sponds with the excitation frequency of the QDs. How ever, if the light-emitting structure is too close to the metal portion, its excited state may be quenched by transfer of an electron to the metal, which causes the hole to decay nonradiatively in the semiconductor portion. The distance between the two components, the temperature, the spatial extent of the electric field, and other factors monitor which of these effects (enhancement or extinction) will occur. have demonstrated the growth of Au nanocrystals onto pre formed1 CdS nanorods. For CdS, the growth of Au nano crystals is strongly dependent on the absence or presence of air. When air is carefully excluded during the reaction, Au grows onto only one tip of the CdS nanorods, resulting in asymmetric metal/semiconductor hybrid nanocrystals. The presence of air promotes etching of the nanorod tips and sides due to the presence of amine and provides addi tional nucleation sites for Au deposition. In this case, symmetric CdS/Au nanodumbells are obtained, with Au growth occurring at both tips.
Au@CdS NPs have been synthesized in reverse micelles using /z-Dodecanethiol as protector. 104 Au@CdSe NPs have been prepared from precursor Au-Cd bialloy. The Cd component in the precursor reacted with the Se source at a temperature of 205 °C and was heated to 250 °C, leading to formation of a Au/CdSe core/shell structure. 105 The Au-QDs nanocoposites have large number of appli cations in biosensing, medical-imaging, photocatalysis etc. ZnO/Au NPs with strong resonant Raman Scattering have been used for specific detection of proteins.100 ZnO/Au nanocomposite has also been used in ultrasensitive DNA detection. Wang et al. 106 have synthesized biosensor based on ZnO-Au nanocomposites for detection of human IgM.
Gao and Jin98 combined QDs and Au NPs into single nanostructure for medical-imaging and therapy tool. This is the first time that a semiconductor and metal NPs have been combined in a way that preserves the function of each individual component. The appropriate distance between QD core and Au shell has been maintained with the help of a protein (Fig. 6 ), so that two component's optical and electrical fields do not clash. The QD likely would be used for fluorescent imaging. The Au sphere could be used for scattering-based imaging, which works better than fluores cence in some situations, as well as for delivering heat therapy.
ZnS-Au nanoassemblies have been shown to exhibit superior photocatalytic performance in redox reactions as compared to the relevant commercial products like Auloaded P-25 TiO: and ZnS powders.101 Furthermore, the recycling test revealed that core-satellite nanoassemblies of ZnS-Au could be promisingly utilized in the long-term course of photocatalysis. The reason for efficient photocat alytic activity of ZnS-Au nanocomposites is the difference in band structures between ZnS and Au due to which a pronounced photoinduced charge separation was observed for ZnS-Au nanoasssembles. For ZnS-Au, the satellite Au can serve as an effective electron trapper for the core ZnS due to its lower Fermi energetic level (+0.5 V vs. NHE) than the conduction band of ZnS (-1.85 V vs. NHE).101 Consequently, the photoexcited free electrons in ZnS would preferentially transfer to Au, leaving positively charged holes in ZnS to achieve charge carrier separa tion. These separated charge carriers are highly reactive in redox reactions, giving rise to a promising performance'in the course of photodegradation of an organic dye, thionine, * under ultraviolet illumination. 
HYBRID WITH SILICA NPs
Au NPs display good biocompatibility as well as fascinat ing optical and electronic properties, which make it possi ble to be used for wide biological applications. However, the utility of Au NPs is limited because their plasmon res onance is confined to relatively narrow wavelength ranges and cannot be readily shifted. Metal nanoshells are com posite NPs consisting of a dielectric core coated with a thin metal shell. The plasmon resonance of a metal nanoshell may be shifted throughout the visible and near infrared by varying the ratio of the core radius to the shell thickness. [110] [111] [112] [113] [114] [115] By controlling the core/shell ratios, the optical reso nance of Au nanoshell can be extended from the visible region to the infrared region. This spectral range includes the 800-1300 nm and 1600-1850 nm, a region of high physiological transmissivity which has been demonstrated as the spectral region best suited for optical bio-imaging and biosensing applications.
Since the pioneering work of the silica-coated Au NPs by Mulvaney et al.116 in 1996, various works about silica-coated colloidal nanoparticles, including other noble-metal NPs and luminescent quantum dots, have been extensively investigated. Metal quantum dots have been shown to exhibit strong linear and non-linear opti cal responses.117,118 Small metal particles embedded in glasses119,120 and gels121,122 have been widely studied and sparked much interest in the field of photonics. The pro duction of the variety of optical devices relied mostly on changes in both the linear and nonlinear properties of glasses. The traditional technique to change the linear properties of glasses has been mostly by melting selected metals with glass, cooling the melt to form homogeneous glass, and then forming the metal colloids by a reheat ing process. Recently, metallic ion implantation in addition to thermal annealing has been used to introduce simi lar effects near the surface as well as nonlinear optical properties.123"130 The techniques used to form nanoclusters may be categorized as follows: (i) room temperature implantation followed by high tem perature annealing; (ii) room temperature implantation at dosage above the threshold dose for spontaneous nanocluster formation; (iii) ion implantation at elevated temperatures.
The overall performance of a supported Au nanoparti cle catalyst highly depends on the size and shape of the Au nanoparticles, the structure and properties of oxide supports, and the Au-oxide interface interactions.131,132 Supported Au NPs are traditionally synthesized from single-atom Au precursors using aqueous chemistry. In the two most popular preparation methods, single-atom Au precursors are either coprecipitated with oxide precursors or directly deposited on an oxide surface. The size and size-distribution of Au NPs formed during the calcination process, and the degree of dispersion on the support, are highly dependent on the following conditions: (i) pH and concentration of the precursor solution; (ii) isoelectric point and type of the oxide support; (iii) calcination temperature and procedure.
In addition to the excellent properties of silica shell with low nonspecific binding and low auto-fluorescence, the highly stable and water-soluble properties of silicacoated Au (Au@Si02) NPs make themselves very promis-, ing nanomaterials for biolabeling, biosensing, medicinal diagnostics, drug delivery/therapeutics, etc. Liu et al.t?I prepared monodisperse carboxyl-functionalized Au@Si02 NPs followed by the surface bioconjugation. Also, the application of bioconjugated Au@Si02 NPs with aminoterminated oligonucleotides as bioprobes in DNA detection has been demonstrated. In addition to this, the sensitivity of the Au nanoshell localized plasmon resonance (LPR) to the local dielectric environment has been studied by Khlebtsov and Khlebtsov134 in terms of a multilayered sphere with a silica core, Au nanoshell, and two dielec tric layers modeling the primary functionalization of Au surface and the secondary binding of target biomolecules. Their analysis predicts greater sensitivity of nanoshell's LPR to the local dielectric environment compared to the solid Au spheres which can be used as a sensitive tool for optical monitoring of biomolecular binding onto nanoshell surface.
Okumura and coworkers26 clarified the effect of metal oxide support on the catalytic activity of Au for CO oxida tion. Comparison of Au/Si02 with Au/A1203 and Au/Ti02, 114 which were prepared by both chemical vapor deposition (CVD) and liquid phase methods, showed that there were no appreciable differences in their catalytic activities as far as Au is deposited as NPs with strong interaction. The perimeter interface around Au particles in contact with the metal oxide support appears to be essential for the genesis of high catalytic activities at low temperatures. The results indicated that the deposition of Au particles on the support with strong interaction is a major controlling factor for the evolution of catalytic activity.
Wolf and Schuth21 have done a systematic study of the synthesis conditions for the preparation of highly active Au catalysts. Supported Au catalysts have been prepared by a deposition-precipitation method in order to investi gate the influence of the synthesis conditions on the dif ference in catalytic activities for CO oxidation. They have concluded that as long as the isoelectric point of the sup port lies between 6 and 9, highly active Au catalysts can be obtained by optimization of the synthesis conditions on a large number of supports. Therefore, the nature of the support should only play a secondary role.
2ln spite of the success with some of the inert supports, the preparation of active Au/Si02 catalysts with solutionbased methods is difficult and the resulting materials have very low activity in CO oxidation. 21 Here, the DP tech nique fails, because due to the low isoelectric point of Si02 between 1 and 2, the surface charge is highly nega tive at synthesis pH. For this reason, it is difficult to pre cipitate negatively charged Au(III) species. This problem could so far only be circumvented with the CVD method. Yang et al.135 modified the catalyst (surface of SBA-15 was functionalized with positively charged groups) and synthesized by novel solution technique. It yielded more active Catalyst than any other Au/Si02 system made by a solution technique, which show almost no activity at room temperature. The most active catalyst synthesized in -this study was the 4.8 wt% Au-loaded material which had been reduced with NaBH4. The results of the activity measurements of this sample in CO oxidation are shown in Figures 7(a) and (b) . In the initial run ( Fig. 7(a) ), the CO conversion was evaluated in the temperature interval between 30 and 90 °C. The material was found to be active even at room temperature. A C02 yield of 11% at 30 °C was observed and with increased temperature an increased conversion was observed (33% at 90 °C). How ever, in the temperature interval investigated, the increase of rate was rather linear with temperature. Consequently, the catalyst was re-run for a second test. In the temperature range between 30 and 80 °C, the linear dependency of the conversion on temperature could be reproduced, but com pared with the first run, a significant lower conversion was observed ( Fig. 7(a) ). In Figure 7(b) , the conversion is ini tially higher after each temperature step and then decreases subsequently.
The stability of Au/Si02 is attributed to the absence of residual impurities (ensured by the halide-free production method) and a strong bond between Au and defects at the silica surface (about 3 eV per bond) estimated from density functional theory calculations by Veith et al. 136 » It was found that the Au/Si02 catalysts are less active for CO oxidation than the prototypical Au/TiO: catalysts, however they can be regenerated far more easily, allow ing the activity of a catalyst to be fully recovered after deactivation.
Chen et al.137 employed the highly dispersed Au NPs supported on silica for catalytic hydrogenation of aro matic nitro compounds. The silica-supported Au NPs were evaluated for the liquidphase catalyze reduction of var ious aromatic nitro compounds by molecular hydrogen, and their corresponding amines with high chemoselectivity were obtained under the reaction conditions of 140 °C, 4.0 MPa, and 2.5-5 h, particularly for chloronitrobenzenes, the undesirable dechlorination reactions could be avoided completely. The catalytic reduction of various aro matic nitro compounds over Au/Si02 was also examined (Table IV) .
Khlebtsov and group13* reported the first application of silica Au nanoshells to a solid-phase dot immunoas say. For usual 15-nm colloidal Au conjugates, the minimal detectable amount of hlgG is about 4 ng. By contrast, for nanoshell conjugates (silica core diameter of 70 nm and Au outer diameter of 100 nm) significant increase in detec tion sensitivity has been found and the minimal detectable amount of hlgG is about 0.5 ng.
Apart from catalytic property of Au-silica nanoparticles, the particles also have biomedical application. Maksimova et al.139 described applications of silica(core)/Au(shell) NPs to photothermal therapy of spontaneous tumor of cats and dogs. The laser irradiation parameters were optimized by preliminary experiments with laboratory rats. The tem perature distribution in tissue and solution samples was measured with a thermal imaging system. It is shown that the temperature in the volume region of NPs local ization can substantially exceed the surface temperature recorded by the thermal imaging system. The effective optical destruction of cancer cells by local injection of plasmon-resonant Au nanoshells was followed by contin uous wave semiconductor laser irradiation at wavelength 808 nm.
In summary, the review describes numerous applica tions of hybrid gold nanoparticles, however, the area presents many significant challenges. One major challenge Rev. Adv. Sci. Eng.. 1, 103-118. 2012 is to develop new strategies to synthesize hybrid materi als without affecting individual functions and properties of components. The growth mechanism of these hybrid mate rials has yet to be explored so that interactions of different materials at nanoscale level can be understood.
CONCLUSIONS AND FUTURE PRESPECTIVES
In this review, we have discussed various nanocomposites of Au nanoparticles. Different sections have been devoted to Au-Ti02, Au-magnetic, Au-QDs and Au-silica hybrids so that proper attention can be given to each system. 
